Abstract Recent studies revealed that organic acids such as citric and oxalic acids seemed to be more promising as chemical extracting agents for removal of heavy metals from contaminated sludge, since they are biodegradable and can attain a higher metal extraction efficiency at mildly acidic pH compared to other extracting agents. Results of a lab-scale study on the efficiency of citric acid in the extraction of chromium (Cr), copper (Cu), lead (Pb), nickel (Ni) and zinc (Zn) from anaerobically digested sludge, revealed that citric acid seemed to be highly effective in extracting Cr (at 100%), Cu (at 88%), Ni (at 98%) and Zn (at 100%) at pH 2.33, mostly at 5 days leaching time except for Cu and Zn, which are at 1 day and 2 h contact times respectively. Lead removal at the same pH was also high at 95% but at a longer leaching time of 11 days. At pH 3, citric acid seemed to be highly effective in extracting Pb (at 100%) at 1 day leaching time, although higher removals were also attained for Ni (70%) and Zn (80%) at only 2 h leaching time. Chemical speciation studies showed that Cr, Cu and Ni in the sludge sample seem to predominate in residual fractions, while Pb and Zn were found mostly bound to organic and inorganic matter forms, hence the potential of the sludge for land application.
Introduction
The main indication of the benefit of utilization of sewage sludge in agriculture is increased crop yield. On the other hand, the manifestations of heavy-metal toxicity arising from application of contaminated sludge would be a decrease in crop yield. In recent years, numerous studies have indicated that metal-contaminated sewage sludges applied to agricultural land resulted in harmful effects on crop quality which demonstrated the occurrence of phytotoxic effects of the metals on crops. Lester (1987) confirmed that if highly contaminated sludges are disposed of to land at excessive rates of application, the possibility of phytotoxic effects exists. Moreover, substantial increases in activity and solubility of phytotoxic metals can persist long after sludge application (McBride, 1995) . Hence, due to the often high concentrations of heavy metals in sludge, many countries, including Thailand, have developed legislation or recommendations which specify the maximum concentration of metals in sludge which may be applied to agricultural land.
In order to meet these standards, and to protect the soils from over accumulation of metals over extended periods of application, various technologies, such as chemical extraction, have been developed to remove the heavy metals concerned from sludges. Chemical extraction uses extracting chemicals such as inorganic acids (sulfuric, hydrochloric and nitric), organic acids (citric and oxalic), chelating agents (ethylenediaminetetraacetic acid or EDTA and nitrilotriacetic acid or NTA) and inorganic chemicals such as ferric chloride, to remove heavy metals and reduce the volume of contaminated sludge for treatment. If acid is added to the sludge, metal solubilization occurs due to the exchange of protons supplied by the addition of acid solution. Hence, one of the most important factors affecting the solubilization of metals in sludge is pH (Waidmann et al., 1984) . The strong chelating agents such as EDTA and NTA, on the other hand, function by complexing heavy metals to form EDTA-metal (or NTA-metal) complex. After extraction, heavy metals are removed from the extracting solution by chemical sulfide precipitation and selective ion-exchange (Veeken and Hamelers, 1999) .
Experimental studies revealed a broad range in metal extraction efficiencies of the different extracting agents. It was found that inorganic acids and complexing agents are not applicable on a practical scale due to the costs of the process and the negative environmental impacts of the discharged solid and liquid wastes streams (Wong and Henry, 1988; Veeken and Hamelers, 1999) . Organic acids seemed to be more promising since at mildly acidic pH (3-4), higher metal extraction efficiency can be achieved compared to inorganic acids at the same pH condition (Veeken and Hamelers, 1999; Marchioretto et al., 2002) . Moreover, organic acids are readily degradable under aerobic and anaerobic conditions making the decontaminated sludge suitable for composting after dewatering. Citric and oxalic acids, which qualify for the extraction process, both form relatively strong complexes with heavy metal ions. However, citric acid has better prospects because oxalic acid is removed from solution by precipitation as calcium oxalate which causes the decrease of oxalate ion available for heavy metal leaching.
This paper presents the results of lab-scale experiments carried out on the extraction of Cr, Cu, Pb, Ni and Zn from anaerobically digested sludge using citric acid as extracting agent. In this study, the effects of leaching time and pH on the efficiency of citric acid in extracting heavy metals from sludge were observed. Chemical speciation studies were also done to understand how the metals are bound to the sludge and their mobility in the soil.
Methods

Sludge sampling and characterization
The anaerobically digested sludge sample was collected from the sludge treatment facility at Nongkhaem, in Bangkok, Thailand, which receives dewatered sludges mainly from five central wastewater treatment facilities under the Bangkok Metropolitan Administration (BMA). The sludge sample was analyzed in terms of its physical and chemical characteristics, including heavy metals content using the Standard Methods for the Examination of Water and Wastewater, 20 th Edition (1999) . Heavy metals were analyzed using atomic absorption spectrophotometry (AAS Hitachi Z-8230) after microwave digestion.
Chemical speciation studies
Chemical speciation studies were done using the sequential chemical extraction (SCE) procedure modified from that employed by Tessier et al. (1979) , Sims and Kline (1991) , and Marchioretto et al. (2002) , and are summarized in Table 1 . The sequential extraction was carried out in two grams dried (105 8C) and ground sludge samples in 250 ml Erlenmeyer flasks. Between each of the successive extractions, separation was effected by centrifuging at 4,000 rpm for 30 min. The supernatant was removed and analyzed for trace metals by flame AAS whereas the residue was washed with 40 mL deionized water.
Leaching with citric acid
Sludge samples were initially prepared by oven drying at 105 8C and grinding with mortar and pestle to pass through a 2 mm sieve. Citric acid leaching was carried out in 7 grams dried and ground sludge in 500 ml Erlenmeyer flasks filled with 140 ml deionized water.
Varying amounts of citric acid were added to the sludge to obtain the desired pH of 2.33, 3.04, 3.9. A rotary shaker was used to mix the reactors continuously at 125 rpm at room temperature (30 8C). For each reactor, samples of 10 ml were collected at certain time intervals (1 h, 2 h, 6 h, 1 day, 5 days, 8 days and 11 days) for centrifugation at 4000 rpm for 30 min. Filtration was done using 0.45 mm membrane filters, before analyzing the filtrate for heavy metals using AAS.
Results and discussions
Physicochemical characteristics of sludge
The BMA dewatered sludge sample having a total solids content of 28% was found to have an initial pH of 6.3, and organic matter content of 38.3% (as measured by total volatile solids). The nutrient content of the sludge (1.53% Total Nitrogen and 2.2% Total Phosphorus) indicates the potential of the sludge for land application. The sludge sample was found to contain the following heavy metals in mg/kg dry matter (DM): Cd (2.7), Cr (370), Cu (4,129), Pb (106), Ni (127) and Zn (1,933). Referring to the proposed BMA standards (AIT, 1998) for agricultural application of sludge, only Cu exceeds the standard of 900 mg/kg DM, with Ni and Zn approaching the standards of 400 mg/kg DM and 3,000 mg/kg DM, respectively. The other metals seem to be below the standards of 20 mg/kg DM for Cd, 1,000 mg/kg DM for Cr and 1,000 mg/kg DM for Pb.
Chemical speciation studies
The results of the SCE study are presented in Figure 1 . The percentage of metal extracted in each step of the sequential extraction is presented as a bar diagram. The values represent the average extraction performed on duplicate samples. The residual form seems to predominate for Cr, Cu and Ni, while binding to the organic and inorganic form was observed for Pb and Zn. In general, as all these metals are strongly bound to the sludge, the mobility of these metals once disposed to land is less and hence the potential of the sludge sample for land application. However, the presence of exchangeable forms of metals such as in Ni, Cu and Zn could affect the mobility of these metals in the environment. Metals in the exchangeable phase are easily exchangeable with the soil solution and hence comparatively mobile (Oake et al., 1984) . While metals in the acid extractable phase (or carbonate bound) are very sensitive to pH changes and are readily leached when the pH of the environment is decreased, and therefore are also considered mobile (Staelens et al., 2000) . For the BMA sludge sample, only Zn, Ni and Pb had some percentage of binding to the carbonate form which may be solubilized if pH changes occur in the soil as in the case of acid deposition. Leaching with citric acid was done at a pH of 2.33, 3.04 and 3.90 with corresponding dosages of 100 ml/g (2.1 g acid/g sludge), 7.86 ml/g (0.17 g acid/g sludge) and 1.43 ml/g (0.03 g acid/g sludge). Metal removals achieved with these pH conditions at different leaching times are depicted in Figure 2 . As shown, there was a wide variation of removal efficiencies for all metals at different pH and acid contact times. For Cr, optimum metal removal seemed to be attained at 5 days leaching time at pH 2 (100%), and 1 day at pH 3 (45%). Copper removal seemed to be optimum at 1 day leaching time for both pH 2 (88%) and 3 (29%). Removal for pH 4 was almost negligible at 1 h leaching time. For Pb, removal seemed to be optimum at 11 days leaching time (at 95%) at pH 2, while at pH 3, removal seemed to be optimum at 1 day leaching time (at 100%), although at only 6 h leaching time, a higher removal of 85% was also attained. At pH 2, Ni removal seemed to be optimum at 5 days leaching time (at 98%), although at 1 h leaching time, a relatively higher removal of 83% was also attained. At pH 3, the optimum leaching time seemed to be at 2 h (at 70%) for this metal, while at pH 4, it seemed to be only at 1 h (at 47%). For Zn, optimum removal seemed to be attained at 2 h leaching time at pH 2 (100%) and 3 (80%).
Since the extraction pH seemed to be proportional to the citric acid concentration, the results also confirmed the direct relationship between acid concentration and extraction rate. This is attributed to the fact that since the extraction efficiency at equilibrium solely depends on competition between citric acid and the solid phase for metal ions, the rate of extraction also depends on the spatial distribution of the metals (Wong and Henry, 1988; Lo and Chen, 1990; Veeken and Hamelers, 1999) . Veeken and Hamelers (1999) cited the fact that since heavy metals are predominantly incorporated in sludge flocs, the extraction takes time because the heavy metals have to diffuse from the sludge matrix to the bulk solution and the rate of extraction depends on the accessibility of the metals for the extracting agent. Protons, which are small ions, can penetrate the sludge flocs to exchange with metal ions while the larger sized citrate anion is not able to enter the sludge flocs and in that case metal ions can only reach the bulk solution by diffusion. This process takes a considerable amount of time since the driving force is the very small concentration gradient which is established between the metal concentration in the aqueous phase of the sludge flocs and the bulk solution. This explains also why some of the heavy metals required more leaching time while using citric acid for solubilization.
The forms of the metals present in the sludge sample may have also affected the extraction efficiency of citric acid as observed in the acid leaching study. Cr and Ni which are predominantly in residual form tend to be solubilized most at longer acid contact times at pH 2, although Cu, which is also predominantly residual, requires a shorter time of 1 day to solubilize. This might be due to the presence of acid extractable and exchangeable forms of Cu. At a higher pH of 3, solubility is less. Metals in residual form tend to be bound strongly to the sludge matrix. Pb and Zn, which were found mostly in the bound to organic and inorganic matter forms, i.e. in the oxidizable phase, also exhibit almost similar properties, although for Zn the presence of other forms especially acid extractable and exchangeable forms may have increased solubility at a shorter contact time. About 60% of sludge is organic fraction containing mainly humic acid. According to Wild (1993) humic acid reacts with metal cations to form complexes and the stability of these complexes varies with pH. The change in pH of the sample as leaching time is increased can also affect the metal removal efficiencies of citric acid. As shown in Figure 3 , drastic increase in pH only occurred starting from 8 days leaching time at pH 2, while at pH 3, at 5 days leaching time. At pH 4, a rapid increase in pH took place over the entire leaching period of 11 days. The increase in pH may have been caused by the consumption of acid in the hydrolysis of polysaccharides making up the cellular material of the biomass within the sludge (Wozniak and Huang, 1982) , or in other possible reactions. In general, it was observed that the solubilization of metals decreased as pH was increased.
Conclusion
The results of the SCE studies showed a wide variation in the forms of metals present in the anaerobically digested BMA sludge sample. Cr, Cu and Ni seem to predominate in residual fractions, while Pb and Zn were found mostly in the bound to organic and inorganic matter forms, i.e. in the oxidizable phase. This implies that these metals are less mobile; hence the potential of the sludge sample for land application.
Results of the acid leaching study revealed that citric acid seemed to be highly effective in extracting Cr, Cu, Ni and Zn at pH 2.33, mostly at 5 days leaching time except for Cu and Zn, which are at 1 day and 2 h contact times respectively. Lead removal at the same pH was also high but at a longer leaching time of 11 days. At pH 3, citric acid seemed to be also highly effective in extracting Pb at 1 day leaching time, although a relatively higher removal was also attained for Ni and Zn, at only 2 h leaching time.
The variation in metal removal efficiencies could be attributed to the forms of metals in sludge. Cr and Ni which are predominantly in residual form tend to be solubilized most at longer contact times at pH 2, although for Cu, solubilization occurs at a shorter time of 1 day. At a higher pH of 3, solubility in citric acid is less. Pb and Zn, which were found mostly in the bound to organic and inorganic matter forms (oxidizable phase), also exhibit almost similar properties, although for Zn the presence of other metal forms, especially acid extractable and exchangeable forms, may have increased its solubility at a shorter contact time.
Variation of metal removal efficiencies can also be attributed to the change in pH of the sample over time. In general, it was observed that the solubilization of metals decreased as pH was increased.
Finally, it can be concluded that citric acid is a promising extractant for the removal of heavy metals from BMA sludge even at a mildly acidic pH of 3, except for the removal of Cu which requires a lower pH of 2 to comply with the proposed BMA standards. 
